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PREFACE
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and Dr. W. F. Marcuson III, Chief, GL.
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Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain
degrees (angle) 0.01745329 radians
feet 0.03048 metres
g’s, standard free fall 9.806650 metres per second squared
square feet 0.09290304 square metres
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SITE SPECIFIC SEISMIC EVALUATION OF THE

GROUND BASED FREE ELECTRON-TECHNOLOGY INTEGRATION EXPExIMENT
(GBFEL-TIE) PROJECT

WHITE SANDS MISSILE RANGE, NEW MEXICO

PART I: INTRODUCTION

Background

1. The White Sands Missile Range (WSMR), New Mexico, has been selected
as the site for the facilities of the proposed Ground Based Free Electron -
Technology Integration Experiment (GBFEL-TIE). The facilities will be
constructed at the Orogrande Site of the WSMR. A plan view of the Orogrande
site is shown on Figure 1. This report documents work performed by the
Earthquake Engineering and Geosciences Division (CEWES-GG) of the Geotechnical
Laboratory (GL) at the US Army Engineer Waterways Experiment Station (WES) to
evaluate the seismicity at the Orogrande site and provide recommendations for
accelerograms and reponse spectra to be used in the design of the facilities.

2. The GBFEL-TIE facilities will be used for laser research and testing
and are part of a national research program under the Strategic Defense
Initiative (SDI1). The laser generating equipment will be housed in
conventional surface structures, large buried structures, and in tunnels.
Additionally, a beam control structure (geometry unknown) will extend to a
height at least 60 ft" above the ground surface. The beam generating and
projecting apparatuses will be complex and delicate and will require precision
alignment to guarantee that the beam is accurately projected to the distant
targets. The seismic evaluation is necessary to ensure that this vibration
sensitive equipment is designed to tolerate the earthquake induced ground

motions which might be expected to occur during the 25 year life of the GBFEL-

TIE Project.

* A table of factors for converting non-SI units of measurement to
SI (metric) units is presented on page 4.
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3. The CEWES-GG was tasked by the US Army Engineer Division, Huntsville
(CEHND), through the US Army Engineer District, Fort Worth (CESWF), to
evaluate the seismic hazard and provide information for the seismic design of
critical facilities at the Orogrande site. The specific project objectives
which CEWES-GG set out to address included:

a. Evaluation of the probability of exceeding a peak acceleration of
0.15 g at the free field ground surface over the 25-year life of
the project.

b. Development of site specific accelerograms applicable to the free
field ground surface of the Orogrande site which can be used in
subsequent earthquake design analysis of the complex GBFEL-TIE
facilities.

c. Development of response spectra which can be used in the design
of the project. These spectra were developed from the site
specific accelerograms discussed in the previous component.
Response spectra of equal hazard, estimated from seismic hazard
analysis techniques, were used as an aid in developing the design
response spectra for the project.

This report documents the analysis that was pursued to fulfill the outlined

scope of work.




PART II: SUMMARY OF PREVIOUS WORK

4. Detailed geological, seismological, and site investigations were
completed under the direction of CEHND and CESWF in support of the
seismological evaluation of the GBFEL-TIE Project. The data and the results
of these studies were used as input into the analyses performed as part of
this study. The main ideas from these previous geologic and seismological
investigations which are relevant to this study are briefly summarized in the

following paragraphs.

€010

S. The WSMR is located at the southern end of the Basin and Range
physiographic province and is situated in the Rio Grande Rift. The Rio Grande
Rift is a major tectonic structure of the earth’s crust. It began forming
approximately 30 million years ago and is still evolving. Rifting has
produced regional normal faulting and volcanic deposits throughout much of the
rift area.

6. Figure 1 shows that the WSMR is contained within two shallow
northeast trending valleys. These valleys, formed by rifting, are filled with
fluvial, colluvial, aeolian, and volcanic deposits. The Tularosa Basin, the
eastern valley, makes up the the southern portion of the WSMR while the
Jornado del Muerto Basin comprises the northern section of WSMR. The valleys
are separated by the Organ and the San Andres Mountaine. The Rio Grande River
flows through the Jornado del Muerto Basin.

7. The Orogrande site is located near the southeastern corner of WSMR
within the Tularosa Basin as shown in Figure 1. The Tularosa Basin is bounded
on the west by the San Andres, Organ, and Franklin Mountains and on the east
by the Sacramento Mountains.

8. Geophysical and boring data show that the Tularosa Basin is an
asymetric, west tilted graben. Geologic cross sections of the southern
section of the WSMR through the Orogrande site show the general geology and
subsurface structure of the valley in the vicinity of the Orogrande sgite
(Seager, Hawley, Kottlowski, and Kelly 1987). The asymmetry of the basin is

due to higher rates of movement along faults on the western side more than to




movements along faults on the eastern side. The fault movements have
influenced valley filling with the valley deposits on the western side being
deeper than those on the eastern side. The thickness of the deposits ranges
from depths of a few feet near the mountain base to at least 5,500 ft near the
WSMR headquarters area. Based on limited borehole information, the basin fill
deposits are approximately 1,000 ft thick in the vicinity of the Orogrande
site. The valley fill deposits are Quarternary and consist of fluvial
deposits from ancient drainage of the Rioc Grande, lacustrine, and beach facies
formed by large ancient basin lakes, alluvial fans and colluvial aprons at the

mountain front, and extensive wind blown sand dune deposits.

Seismology and Peak Ground Motion Parameters for Design

9. A thorough investigation of the seismicity of the region surrounding
the WSMR was made by Krinitzsky and Dunbar (1988). Based on their findings,
they assigned peak ground motion parameters to the Orogrande site for the
Maximum Credible Earthquake (MCE), the Operating Basis Earthquake(OBE), and an
earthquake with a 25-yea: return period.

10. Based on their analysis of the seismological and geological data
available, Krinitzsky and Dunbar (1988) used a deterministic approach to
select peak ground motion parameters for the MCE, OBE, and the 25 year
earthquakes. They identified the faults in the area of WSMR as the primary
sources for major earthquake activity which would affect the Orogrande site.
The locations of the faults relative to the Orogrande site are shown in
Figure 2. The faults in the figure are keyed by number to Table 1 where data
pertaining to each fault are listed: name, dimensions, age since last
movement, and closest distance to the site. The estimated maximum magnitudes,

M (Richter Magnitude), and epicentral Modified Mercalli intensities, I,, are

listed in Table 2. The table also lists the Modified Mercalli intensity, Ig,
predicted for the site after attenuation over the shortest distance from the
source to the site. The subsurface interbasin fault (designated as 9 in Table
1 and Figure 2) gave the strongest site motions since it lies directly beneath
the site, even though the Organ Mountain, Southern Andres, and intrabasin
surface faults gave the same site intensity (Ig = XI) for their estimated

maximum magnitude earthquakes.




11. The peak ground motion parameters determined for the MCE, OBE, and
25~-year earthquakes are listed in Table 3. The listed values are based on the
largest of Krinitzsky and Chang’s (1987) “mean” level interpretations for the
I; values given in Table 2 for each event. The MCE is defined as the largest
earthquake that can be reasonably expected to occur. The OBE is the
earthquake for which a structur> is designed to remain operational. If
properly designed the structure will survive the OBE without structural damage
and sustain some nonstructural damage that is easily repairable. Based on
Krinitzsky and Dunbar‘s (1988) methodology, the return period for the OBE is
100 years. Ground motions were selected for the 25-year event because this is
the expected life of the GBFEL-TIE facilities. All motions for the MCE, OBE,
and 25-year events were specified for a soft site according to the site
claesification criteria of Krinitzsky and Chang (1987). The site motions from
each fault were determined using Krinitzsky and Chang’s attenuation curves for
near field or far field events as appropriate.

12. CESWF and CEHND decided that all technical facilities were to be
designed to withstand the motions of the OBE with the exceptions of facilities
which store hazardous wastes or are of extremely critical technical

importance. This study focuses on the motions associated with the OBE.




PART III: SEISMIC HAZARD ANALYSIS

Description and Objective of SHA

13. A Seismic Hazard Analysis (SHA) provides a means for quantifying
the effects of uncertainty on the seismicity influencing a site. The
objective of the SHA is to evaluate the probability of exceeding a specified
level of some ground motion parameter over a period of time. The evaluation
is carried out by application of the laws of probability which account for the
uncertain and random nature inherently associated with geologic and
seismological variables which effect seismicity.

14. PFour basic steps are involved in the performance of an SHA:

a. Identify potential sources of earthquakes which may have an effect
on the site.

b. Determine the recurrence relation for each seismic source
identified. The recurrence relationship quantifies the rate at
which different magnitude earthquakes occur within the zone.

c. Select an appropriate relationship that accounts for the
attenuation of the ground motion parameter over the distance
between the source and the site.

d. Use a probabilistic model to compute the probability of exceeding
a certain level of the ground motion parameter over a specified
time interval.

15. The probalistic model used in this study was the computer program
RISK which was developed by McGuire (1976) for the United States Geological
Survey (USGS). RISK models the SHA as a homogenous Poisson process which
implies that the following assumptions are made: (a) Earthquakes are
spatially independent; (b) Earthquakes are temporally independent; (c) the
probability of two events occurring at the same time approaches zero.

16. Two primary objectives were sought from the SHA for the Orogrande
site. First, the probability of exceeding a peak acceleration of 0.15 g at
the Orogrande site over a 25-year period was evaluated. The results of the
SHA were used to estimate which range of magnitudes made the greatest
contribution to the overall probability of exceedance. The accelerograms for
the dynamic response analysis were selected from earthquakes whose magnitudes

were in the range most likely to affect the site (See Part IV). The
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contribution of each seismic source was also evalutated to determine which had
the greatest effect on the site.

17. The second objective of the SHA was to determine uniform hazard
spectra for the site which was used as an aid to the development of response
spectra for design. Uniform hazard spectra are spectral values which carry
the same probability of exceedance for all natural periods. In this study,
uniform hazard spectra for pseudovelocity were computed for the purpose of
evaluating the probabilities that the design spectra would be exceeded at the
5 percent damping level.

18. The ensuing sections of Part III include discussions of the data
associated with each of the major components of the SHA. First, the
seismicity of the region surrounding the WSMR is discussed, and seismic source
zones are identified. Two sets of source zones were used in the analysis. The
first set included those determined from historical and geologic data. The
second set were source zones published by Algermissen et al.(1982). Recurrence
relations for each seismic source zone were then determined from seismological
and geological data or from the Algermissen et al. publication depending on
the case. The attenuation functions of Joyner and Boore (1981 and 1987) were
used for estimating the probabilities of exceeding the peak ground
acceleration and spectral velocities (for uniform hazard spectra). Finally,

the results of the SHA are presented and discussed.

Determination of Seigmic Source Zones

From Analysis of Historical Seismicity and Faulting
Source zones for SHA analysis

19. Two separate sets of seismic source zones were used in the SHA.

These source zones were:

a. Case 1 zones - Determined by analysis of the historical and
instrumental seismicity of New Mexico and the geologic data
pertaining to faulting near WSMR.

b. Case 2 zones - Determined by use of Algermissen et al.(1982)
published seismic source zones.

20. The probability of exceeding 0.15 g over a 25 year period was
evaluated using both Case 1 and Case 2 seismic sources zones and the results

were compared. The uniform hazard spectra were computed using only the Case 1

sources.
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21. In the analyses the seismic source zones determined from Case 1
will give a more detailed picture of the regional seismicity effecting the
Orogrande site than will the Algermissen et al. zones. However, it was felt
that the the application of these zones (Case 2) to the SHA would serve as a

convenient and useful check of the detailed seismicity.

Historical seigmicity
22. The historic record for New Mexico is short, dating back only

to 1849. During the period 1849-1980, a total of 155 earthquakes of Modified
Mercalli Intensity (MMI) of IV or greater were observed. The locations of the
historic earthquakes having MMI of IV or greater are shown on Figure 3. Of
these, the vast majority were less than MMI VI. Only four earthquakes of MMI
VII or VIII were observed in New Mexico during this period. These events
occurred near Socorro during 1906. Sporadic earthquake swarms were noted
during the years 1906-07 in the Socorro area. The majority of the historic
earthquakes are primarily concentrated along the Rio Grande Valley, the axis
of the Rio Grande Rift. The section of the river between Albuquerque and
Socorro contains the highest concentration of events. The seismicity near
Socorro has been attributed to a deep magma body which has been identified
from interpretations of geophysical data. The data base in Figure 3 clearly
shows that most felt earthquakes reported during the period of interest
occurred along the stretch of the Rio Grande just south of Socorro to
Albuquerque.

23. Most of the earthquakes shown on the Figure 3 were discovered from
old newspaper accounts (Northrop 1961 and 1976). Many areas of New Mexico are
sparsely populated; therefore, the historical data base of felt earthquakes is
probably incomplete and biased toward areas having population concentrations
such as the cities of Socorro and Abuquerque. However, the bias is reduced by
restricting the earthquakes plotted on Figure 3 only to those having MM 1V or
greater (Sanford, Olsen, and Haksha 1981 and Coffman and von Hake 1973).

Thus, this information does indicate that the most significant region of
seismic activity in New Mexico is in the Socorro-Albuquerque region. It is
probably significant that the data in Figure 3 shows no historic earthquakes
of MMI IV or greater near the WSMR.

12




Instrumentally recorded seismicity

24. Sufficient seismographic recording stations were located in New
Mexico beginning in 1962 to accurately identify and locate all significant
geismic events, including microearthgquakes. Microearthquakes are useful in
delineating, identifying, and establishing recurrence relationships for
seismic source zones. The distribution of microearthquakes for the period
1962 to 1977 was reported by Sanford, Olsen, and Jaksha (1981) and is shown in
Figure 4. The vast majority of parameters for these earthquakes were
determined by the New Mexico Institute of Technology in Socorro.

25. The recording stations that were in place beginning in 1962 were
located in Albuquerque, Socorro, and Las Cruces, New Mexico, Payson and
Tucson, Arizona, and Lubbock, Texas. In 1973 seismic arrays were added to the
network at Los Alamos and in the Albuquerque-Behlen Basin. Sanford, Olsen,
and Jaksha (1981) studied the data acquired from these stations and concluded
that the data in the state for very small earthquakes were biased due to the
location of the recording stations. Sanford, Olsen, and Jaksha concluded that
the minimum magnitude earthquake that could be reliably detected and located
within the state of New Mexico was a Magnitude 2.2. Sanford also concluded
from error analysis that about 95 percent of the earthquake locations in
Figure 4 are within 20 km of their true location.

26. The data base of earthquakes used for this study is included in
Appendix A and was compiled and reported by Sanford, Olsen, and Jaksha (198l).
The data base includes the dates, epicentral coordinates, magnitudes, number
of detecting stations, and the name of the locating organization for all
earthquakes of magnitude 1.5 or greater during the 16-year period between 1962
and 1977. All earthquakes in the data base are reported in terms of local
magnitude. The largest earthquake detected by the network during this period
was a magnitude 4.29 event on January 23, 1966 at Dulce, NM, located near the
New Mexico-Colorado border.

27. The data from the historic and instrumental record were analyzed
and interpreted to identify the seismic source zones in New Mexico which might
affect the Orogrande site. Two source zones were interpreted from the
statewide data as shown on Figure 5. The area near Socorro was identified as
the first seismic source zone since both the historic and instrumental data
sets show pronounced activity there. The remainder of earthquakes appear to

be more or less randomly distributed throughout the state and do not identify

13




any major source of seismic activity in the state. Thus, this second group of
earthquakes was attributed to the background seismicity of New Mexico which
represent the second seismic source zone for this study. The recurrence

established for the Socorro area and the background seismicity is discussed

later in this part.

Faults near WSMR

28. The major faults which are of significance to this study are near
the Tularosa Basin and the Orogrande site are shown on Figure 2 (Seager et al.
1987; Callender, Seager, and Swanberg 1983). As discussed previously, these
faults were determined to have the highest potential for generating
earthquakes at the WSMR (Krinitzsky and Dunbar 1988). The faults can be
divided into three basic groups. The first group includes fault systems on
the western edge of the Tularosa Basin at the frontg of the San Andres faults
(3, 4, and 5), Organ fault (2), and Franklin Mountains fault (1). The second
group includes the Alamagordo faults (6 and 7) at the fronts of the Sacramentc
Mountains at the eastern edge of the Basin. The third group of faults
identified are within the basgin (8 and 9). All faults except for one of the
interbasin faults (9) were identified by surface expressions. The subsurface
interbasin fault, the Jarilla Fault Zone (9) was identified by geophysical
methods (gravity) and was interpreted to be located directly beneath the
Orogrande site. This fault zone (of unknown throw and age, Table 1) appears
in the cross-sectional view of Figures 6 and 7. 1In their analysis, Krinitzsky
and Dunbar (1988) judged this fault to have the potential of generating the
strongest ground motions affecting the site.

29. Matchette (1987) performed a geologic assessment of the area and
dated the movements on the surface faults around WSMR. Matchette indicated
that Holocene fault movements may have occurred on the Franklin Mountain (1),
Organ Mountain (2), San Andres Southern (3), and Alamagordo (6) fault systems.
Table 1 lists the most recent movement which occurred on each fault. Due to
the recent Holocene movements, Krinitzseky and Dunbar (1988) in their
seismological study judged that the faults were still active and capable of
producing earthquakes. Therefore, due to the geologic and seismological
reasoning, the nine faults shown on Figure 5 and listed in Table 1 were each

considered as a source of earthquakes for the seismic hazard analysis. The

14




recurrence relationships used in the SHA for each of the faults is discussed

later in this part.

Algermissen’s Published Seismic Source Zones

30. 1In 1982, Algermissen et al. (1982), published probabilistic maps of
the United States which could be used to estimate the peak accelerations and
velocities anywhere in the United States which have 10 percent probabilties of
being exceeded for periods of 10, 50, and 250 years. Algermissen et al. used
a probabilistic model of the United States to develop his estimates. In his
model, Algermissen et al. essentially divided the continental United States
into 178 seismic source zones as shown in Figure 8. Algermissen et al.
identified source zones for the model by holding workshops in which experts
were conferred with seismicity from that region. The rectangle in the figure
shows the source zones that were used in the SHA for this study. The 13
seismic source zones used for this study are shown in expanded scale in Figure
9. These zones were developed from data of the Southern Rocky Mountain
Region. Algermissen et al. (through Sanford, Olsen, and Jaksha 1981)
identified the Rio Grande Rift as the most seismically active feature in New
Mexico based on the historic record. The Rio Grande Rift is identified by
zones 2, 4, and 9 in Figure 9. The Algermissen et al. recurrence

relationships for each source zone are discussed in the following paragraphs.

Recurrence Relationships

31. A recurrence relationship must be determined for each seismic
source zone identified in the probabilistic model. The recurrence
relationship describes and quantifies the expected degree of earthquake
activity likely to occur in each source zone over a certain period of time
(usually annual). The recurrence relationships used in this study assume that
the magnitudes have an exponential distribution which are represented by

following form:

logjg(N) = a = by X M (1)

where: M = magnitude
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N = number of earthquakes exceeding Magnitude M
during some period of time

a = constant determined from data

by = magnitude related constant determined from data

The recurrence relationship is valid only for earthquakes below Mpa, for that
zone. The recurrence parameters and how they were determined for each of the

two sets of source zonee are discussed in following paragraphs.

Recurrence for Case geismic zones

32. The Case 1 source zones included the nine faults near the WSMR, the
Socorro area, and the background seismicity of New Mexico. The objective of
the analysis for recurrence was to determine the a and b constants in
Equation (1) and the Mpay-.

33. The recurrence for the Socorro area and the background seismicity
were estimated from a statistical analysis of the data base compiled by
Sanford, Olsen, and Jaksha (1981) of instrumentally recorded earthguakes in
Appendix A. Only events having magnitudes greater than 2.2 were used in the
analysis for the estimation of the parameters a and b.

34. The statewide data base was queried to sort the earthquake data in
each seismic zone. The data for each seismic zone was sorted into magnitude
intervals having widths of 0.1 magnitude unit (e.g. 2.2 < M < 2.3). The
number of earthquakes in each interval was counted. The cumulative number of
earthquakes exceeding the upper bound values (for the l6-year period) for each
interval were counted and plotted against magnitude for the middle of the
interval. The cumulative data were determined by considering the whole state,
the Socorro area, and the background (residual) as separate source zones for
the l6-year period of the data base. The cumulative data is plotted in Figure
10 for each of these source zones. The plot shows that the data for each
source zone can be approximated closely by a straight line which is almost
parallel to the others. Analysis of the trends indicates that the seismicity
of the Socorro area accounted for about 20 percent of the state’s seismicity
during this period. A statistical regression was performed to determine the
best fit line for the data for each of the three source zones. The results of
thie analyeis are presented in Table 4. A comparison between the state wide
recurrence parameters determined for this study with those reported by

sanford, Olsen, and Jaksha (1981) show very close agreement. The comparison
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Sanford, Olsen, and Jaksha (1981) show very close agreement. The comparison
served as a control to verify that the statistical computational procedures
were being carried out correctly. The annual recurrence parameters assigned
to each zone for input into the SHA are presented in Table 5. The annual
values for “a“ were reached by subtracting logjg(16) from the "a® parameter
determined for the 16-year period and listed in Table 4. The annual “b" value
is the same as that for the 16-year *b* value. Algo listed in Table 5 is the
maximum magnitude parameter, Mp,,, that was used as input to the SHA. In
Table 5 the background recurrence parameters were adjusted to reflect the
seismicity per 10,000 km2. This area adjusted value was used to describe the
background seismicity.

35. The recurrence parameters for the nine faults near the WSMR were
determined from the Matchette (1987) dating of fault movements which was
discussed earlier. Matchette was able to identify five large magnitude
surface ruputuring earthquake events on four of the faults shown on Figure 2.
The four faults were the East Franklin (Fault 1, 1 movement), Organ Mountain
(Fault 2, 2 movements), South San Andres (Fault 3, 1 movement) and Almagordo
(Fault 6, 1 movement). Though Matchette did not interpret movements on all
nine faults, Krinitzsky and Dunbar (1988) recommended that each of the faults
should be considered active. Thus, based on these facts and for lack of more
detailed information, it was estimated that on the average there would be one
fault movement every 2,000 years (0.0005 movements/year) for the entire group
of faults. Since the historical and instrumental data presented earlier
showed virtually no earthquake activity near the WSMR and since Matchette only
made note of movements associated with large earthquakes, each fault was
considered capable of generating only one magnitude earthquake which was a
characteristic earthquake of magnitude 7.5. 1If the overall probability of
exceeding a magnitude 7.5 event in any one year for the group is shared

equally among all the faults, then the annual number of magnitude 7.5 events

on any one of the faults is 0.0000555 (0.0005 events per year for the entire
group of nine faults).

36. A summary of the the Case 1 recurrence parameters for the three
seismic source zones used in the SHA is listed in Table 6. A plot showing the

recurrence relationships for each Case 1 source zone is shown in Figure 11.
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e enc 2 source zones

37. Algermissen et al. (1982) published recurrence parameters for each
of the seismic source zonees listed in Figure 8. The parameters for each of
the 13 Case 2 source zones of this study are presented in Table 7. The
recurrence relationships for each Case 2 source zone is shown in Figure 12.
Table 7 liste the zone number for this study, the zone number referenced in
Algermissen’s report, the annual number of events having epicentral Modified
Mercalli Intensities of V or higher, the a and b parameters, and the maximum
magnitude event expected for that zone. All parameters except the “a”
parameter were taken directly from Algermissen’s report. The "a” parameter
was computed from the number of MMI events exceeding V per year, Algermissen’s
estimate of the "b” parameter, by (determined from intensities), and by using
Equation 1. The magnitude associated with an MMI = V event was computed
using the following correlation between epicentral intensity and magnitude

(Gutenburg and Richter 1942):
M=1.3 + 0.6 X Iy (2)

Thus, a magnitude of 4.3 is associated with an MMI V event. 1In the atudy by
Algermissen et al. (1982), the by parameter was converted to the by of
Equation 1 by multiplying by 1.67. This factor was determined using the
relationships of Equations 1 and 2. Equation 1 was solved for the *a“

parameter after the magnitude was set to 4.3 for each source zone.

Attenuation Functions

38. The attenuation function is the third major element of the SHA.
The attenuation functions are used to establish the relationship between the
ground motion parameter and distance from the source. The attenuation
function of Joyner and Boore (1981) for peak horizontal ground acceleration
was used in this study. The equation is empirical and was selected because it
is based on a data base of strong motion accelerograms for the Western United
States including those recorded on deep alluvial sites from the Imperial

Valley Earthquake of 1979. The equation haes following form:

logjg(A) = -1.02 + 0.249 X M - log(r) - 0.00255 X r + 0.26 X P (3)
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where

A = peak horizontal ground acceleration in g’'s

M = moment magnitude

r = distance to point of rupture, km.

= (a2 + 7.32)0-5

d = distance to epicenter, km

P = 0 for 50th percentile

P = 1 for 84th percentile
Equation 3 was used in the 50th percentile form. The standard deviation about
the 50th percentile was taken to be 0.26 A plot of the attenuation of peak

acceleration versus distance for selected earthquake magnitudes is shown in

Figure 13.
Probabilistic Model and Results

39. The fourth component of the SHA is the computation of the
probabilities of exceeding the peak ground motion parameter being investigated
over the specified time period. The model used in this study was the computer
program RISK which was developed by McGuire (1976) for the United States
Geological Survery (USGS). The program was written in FORTRAN and adapted to
run on a personal computer by CEWES-GG. The assumptions for the homogeneous
Poisgon process modeled by RISK were stated earlier in Part III. RISK treats
all seismic sources as areas. Faults, which are best approximated as line
sources, can be input to RISK as areas having narrow widths.

40. As stated earlier, the SHA computations were conducted using two
sets of source zones. The Case 1 source zones are based on analysis of data
of the historical and geological information which were part of this study.
The Case 2 source zones are based on those published by Algermissen

et al. (1982).

Case 1 results
41. The Case 1 results of the RISK analysis are shown on the plot of

Figure 14. The curve on this figure shows the annual probability of exceeding
a specified value of peak acceleration, apay- The return period for ap,, can

be determined from the ordinate axis on the right-hand side of the figure.
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The return period is simply the reciprocal of the annual probability of
exceaedance. As might be expected, the curve shows that the probabilities of
exceedance decrease as the level of acceleration increases. The plot shows
that the annual probability of exceeding a peak acceleration of 0.15 g is
0.149 x 10~3 (i.e. return period of about 6,700 years). The probability of
exceeding a certain peak acceleration for an “n” year period was calculated

from the annual probability using Equation 4 is shown:
Rp =1 = (1-Ry)" (4)

where: R, = annual probability
Ry, = probability over an “n* year period

n = time period in years

Thus, the probability of exceeding 0.15 g in a 25-year period is about 0.37
percent.

42. The plot on Figure 15 shows the contribution of each of the
seismic source zones to the overall annual probability of exceedance. Figure
15 shows probability of exceedance curves from the RISK analysis for all
sources combined (same as curve on Figure 14), the faults near WSMR, the
Socorro area, and the background seismicity. The plot shows that the faults
near WSMR and the background seismicity contribute almost equally to the
probability of exceeding 0.15 g at the site. Each source contributes
approximately 50 percent to the overall total probability of exceedance. The
plot also indicates that the contribution of the Socorro seismic source to the
overall probability ie negligible at the 0.15 g acceleration level.

43. The probability of exceedance breakdown for various magnitude
ranges is shown in Figure 16. The plot shows probability of exceedance curves

for the following magnitude ranges:

M =< 7.5 Overall probability
6.5 <M =< 7.5
<

5.5 <M 6.5
4.5 < M 5.5
M < 4.5
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The plot shows that the 0.15 g peak acceleration level will most likely
generated by an earthquake having a magnitude between 6.5 and 7.5. This
magnitude interval contributes about a 49-percent share to the overall
probability of exceedance for 0.15 g annually. This is consistent with the
finding that the faults near WSMR are a major contributor to the overall
probability of exceedance since these faults were interpreted to be capable of
generating only a characteristic earthquake with a magnitude of 7.5. The
contributions to the overall probability of exceedance at the 0.15 g peak
acceleration level for the other magnitude ranges are listed in Table 8. It
i®s important to note that the relationships between the contributions of the
various magnitude intervals to the overall probability changes with the level

of peak acceleration.

Case 2 results

44. The probability of exceedance curve from the SHA for the Case 2
seismic source zones is shown in Figure 17. The annual probability of
exceeding 0.15 g is 0.774 X 10~4 (return period is 12,900 years). The
probability of exceeding amax over a 25-year period was determined to be about
0.19 percent using Equation 4. At this peak acceleration the computer output
showed only that zones 2 and 12 contributed to the annual probability of
exceeding 0.15 g at the site. Figure 8 shows that the Orogrande site is
located within zone 2 and is very near to zone 12. Interestingly, Figure 9
also shows that z2one 11 at its closest point is about as the same distance
from the site as zone 12, yet the RISK results showed that its contribution to
the overall probability was negligible. This is attributed to the the
recurrence parameters shown in Table 7 which show that Algermissen
et al.(1982) evaluated zone 11 as a zone of low seismicity which spanned a
very large area. The Case 2 analysis indicates that the probability of an
earthquake from a distant source causing a peak acceleration of 0.15 g at the
site is remote. This finding is consistent with that of Case 1 where the
contribution of the Socorro source to the overall risk was negligble due to

its distance to the Socorro site.
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Comparison of Case 1 and Case 2 Results

45. The overall probabilties of exceedance for different levels of
peak accelerations at the Orogrande Site for the Case 1 and Case 2 source
zones are compared on Figure 18. This plot show that the Case 2 (Algermissen
et al. (1982)) source zone will have a higher probability of being exceeded
for all peak accelerations up to 0.12 g. Above a peak acceleration of 0.12 g,
the Case 1 source zoner will have a higher probability of exceedance. The
results of the comparison between Cases 1 and 2 for a peak acceleration of
0.15 g are listed in Table 9. As discussed earlier, the annual probabilities
of exceeding 0.15 g were 0.149 x 103 and 0.774 x 10~% for Cases 1 and 2,
respectively. These are equivalent to the 25-year probabilities of exceedance
of 0.37 percent for Case 1 and 0.19 percent for Case 2, respectively. The

overall results are in good agreement for Cases 1 and 2.

Uniform hazard spectra
46. The second primary objective of the SHA was to estimate uniform

hazard spectra for the Orogrande site. Uniform hazard spectra (UHS) are
response spectra values at different periods each of which has an equal
probability of being exceeded. In this study, UHS were evaluated in terms of
the pseudospectral velocity (Sv). The UHS were computed with RISK using the
same basic techniques as were employed for the probabilistic analysis of the
peak acceleration. The seismic source zones and recurrence relationships
which used the UHS analysis were the Case 1 zones. The attenuation function,
in terms of Sv, was developed by Joyner and Boore (1987) and is shown as

Equation 5,

logjp(Sv) = a + b(M-6) + c(M-6)2 + d(loglO(r))
+ kr + 8 {5)

where
Sv = gpectral velocity for the period defined by the

empirical constants

M = moment magnitude (5.0 < M £ 7.7)

r = (rg2 + h2)1/2
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a, b, ¢, h, d, k, 8 = empirical constants which depend upon the
period of the spectral value

The Joyner and Boore equation is empirical and was developed based on data
from the larger of the two horizontal components of pseudovelocity response at
a recording station. The predictive equation is applicable for S5-percent
damping only. Table 10 lists the period dependent empirical constants used in
the predictive equation for Sv attenuation. Graphical representations of the
attenuation function for Sv for periods of 0.5 and 1.0 second are shown in
Figures 19 and 20, respectively.

47. The uniform hazard spectra for the Orogrande site for S-percent
damping are shown on Figure 21. Uniform hazard pseudovelocity spectra having
probabilities of exceedance of 0.01, 0.03, 0.10, 0.3, 1, 5, 10, and 50 percent
for a 25-year period were estimated. As expected, for a given period, the
higher the spectral velocity the lower the probability that spectral velocity
will be exceeded over 25 years. The hazard spectra shown in Figure 21 were
useful in Part V of this report in developing the response spectra used for

design.

Comments on the Seismic Hazard Analysis

48. Evaluating the probabilities of exceeding certain ground motion
parameters for the area near WSMR is a very difficult problem. Perhaps the
most difficult aspect of the SHA lay in estimating the recurrence
relationships for each zone. This estimation is made difficult by the short
time frame over which earthquake activity was observed in New Mexico. The vast
majority of events collected over the l16-year period, during which accurate
gseismic measuments were made, had very small magnitudes (less than 3.5). The
return period for larger magnitude events must be extrapolated from the
straight line trends indicated in Figure 10. This straight line extrapolation
can not be validated due to the lack of large magnitude events over the
historic record. The 2,000-year return period for magnitude 7.5 events on the
faults surrounding the WSMR also reflects a great uncertainty due to the
inaccuracies associated with geologic dating of fault movements. Matchette
dated fault movements by correlation with the degree of weathering on the
fault (slope angle). The probabilities of exceedance associated with the peak

acceleration of 0.15 g and those associated with the uniform hazard spectra
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should be taken as estimates and not as absolute values. However, the

probabilisitic estimates do serve to give some indication that though the Rio
Grande Rift in New Mexico is seismically active, it is an area of relatively
low seimic activity when compared to other regions such as southern
California. It is also encouraging to note that the probabilities computed
from Case 1 sources were similar to those of Case 2. Surely, Algermissen et
al. (1982) experienced the same difficulty with the recurrence relationships

in making their estimates.
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PART IV: SELECTION AND DEVELOPMENT OF ACCELEROGRAMS
FOR USE IN DESIGN OF THE GBFEL-TIE FACILITIES

49. The selection and development of site specific design accelerograms
are discussed in thig part of the report. These accelerograms were developed
for the ground surface of the free field and were to be used as input to
subsequent design analysis of the GBFEL-TIE facilities. Each design
accelerogram has a peak acceleration of 0.15 g which is the peak acceleration
level selected for design by CESWF and CEHND. The site investigation
revealed that the free field soil profile at the site could be characterized
as 1,000 ft of firm alluvium.

50. The ground surface accelerograms used in this study were developed

from two primary sources:

a. The ground surface response of a one-dimensional dynamic¢ response
analysis in which hard site (rock outcrop) accelerograms were used
to excite characteristic profiles at the Orogrande site.

b. Firm soil site accelerograms recorded at the ground surface of
deep alluvial sites somewhat similar to the Orogrande site.

51. 1In this study, 15 ground surface accelerograms were developed. To
the greatest extent possible, these accelerograms were selected from large
magnitude earthquakes (6.5 < M < 7.5), since, in the SHA discussed in
Part III, events in this range were most likely to bring ground motions with a
peak acceleration of 0.15 g to the Orogrande site. Of these, nine were
investigated using the 1-D techniques and six were developed from the
selection of soft soil records. 1In the end, five accelerograms were
recommended for use in design. The response spectra from all records in the
study were used to aid in the development of the design response spectra which

will be discugssed in Part V.

Development of Accelerograms from

~D namic g se Analysis Techniques
52. The basic strategy for using the 1-D dynamic response analysis to

develop ground surface accelerograms from the rock outcrop input records is

shown in Figure 22. At the outcrop location, the acvcelerogram is scaled to
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some value of peak acceleration and deconvolved to baserock beneath the soil
profile. In the analysis, the baserock motions are assumed to be vertically
propagated as shear waves through the soil column. The dynamic response of
the soil system to these input motions determines the acceleration at the
ground surface. The rock outcrop accelerogram was scaled so that the peak
acceleration at the ground surface was 0.15 g, as shown on the Figure 22.
This procedure was modified for scme of the dynamic responses as truncated
goil profiles 200 ft deep were used rather than the full 1,000 ft column.
This modification will be discussed later in the report. The 1-D methods were
also used to estimate the fundamental period of the site and determine the
variation of peak acceleration with depth. Response spectra from the ground
surface accelerograms were also used to develop the design response spectra
which will be discussed in Part V.

53. The esgential features in performing the 1-D dynamic response

analysis included:

a. Characterization of the site using field data

b. Determination of representive soil profiles and properties for
use as input to the dynamic response analysis.

c. Selection of representative hard site accelerograms recording
during earthquakes of magnitudes similar to those expected at the
Orogrande site.

d. Estimation of the fundamental period of the soil profile after
performing the 1-D response analysis of the socil profile to
selected accelerograms.

All 1-D dynamic response analyses were performed using the computer program

SHAKE.
54. In the following sections of Part IV, the background pertaining to

each of the ﬁajor components will be discussed. The data relevant to each

element will be presented and analyzed, and the results will be discussed.

Description of SHAKE

55. The 1-D computer program SHAKE was used to evaluate the dynamic
responses of the characteristic soil profiles to the rock outcrop

accelerograms. SHAKE was developed by Schnabel, Lysmer, and Seed (1972).

26




SHAKE solves the wave equation in the frequency domain through the use of the

Fast Fourier Transform (FFT). SHAKE handles the nonlinear strain dependent

soil properties of shear modulus and damping with the equivalent linear
procedure, an iterative process which converges upon strain compatible values
for modulus and damping. The 1-D analysis performed by SHAKE is a total
stress analysis. The strain dependent damping and modulus degradation curves
used for the materials of this study are shown in Figure 23. This chart was
developed by Zen and Higuchi (1984) and recommended for use by Sun,

Goleshorki, and Seed, (1988).
56. SHAKE was constructed based upon the following assumptions:

a. All layers in the soil profile are horizontal and of infinite
lateral extent. Level ground conditions are assumed to exist,
thus prior to the earthquake there are no static shear stresses
existing on horizontal planes.

b. Each soil layer in the profile is defined and described by its
shear modulus, damping, and total density and thickness.

c. The response of the soil profile is caused by shear waves
propagating upward through the soil layers in the system.

a. The acceleration history which excites the soil profile is due to
shear waves.

e. The equivalent linear procedure satisfactorily models the
nonlinear strain dependent modulus and damping of the soils in the
profile.

Site Characterization Studies

57. Engineering studies coordinated by CESWF were performed at the site
for the purpose of characterizing the site and obtaining the engineering
properties of the subsurface materials. These studies are described in detail
in *Seismic Assessment and Design Recommendations: Ground Based Free Electron
Laser-Technology Integration Experiment Project (GBFEL-TIE) , White Sands
Missile Range, New Mexico,” (US Army Engineer District, Fort Worth, 1988).
Only results of these investigation pertinent to the earthquake response
calculations are described in this section.

58. The layout of the field investigation is shown in Figure 24. These
engineering investigations were limited to a depth of about 200 ft. The site

investigation included a conventional drilling and sampling program designed
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to retrieve samples, both disturbed and undisturbed, for the purpose of
identifying and classifying subsurface soils and performing tests in the
laboratory. The drilling and sampling program was supplemented with Cone
Penetration Tests (CPT) which were useful in stratigraphic evaluation.

59. The generalized subsurface stratigraphic profile as interpreted by
the CESWF is presented in Figure 25a, and more detailed profiles are presented
in Figures 25b through 25e. These figures show interpreted profiles for
sections B-B’, C-C’, D-D’, and E-E’, respectively, and are all perpendicular
to section A-A’. The profiles generally reflect the stratgraphy of only the
upper 100 ft of the site. These soil profiles are typical for the geologic
environment and depositional processes that lead to the formation of this
site. The site generally consists of alternating layers which are primarily
sandy or clayey. Layer thicknesses vary from a few feet to a few tens of feet.
The upper 60 ft of the deposit is primarily sandy material, with occasional
clay layers. Below this depth to about 100 ft, the materials are
predominately clayey, with occasional layers of sand.

60. One deep well log (not presented) was available for inspection.
The well log extends to a depth of 1,175 ft, and indicates that approximately
1,000 ft of valley fill exists on top of basement rock. The basement rock was
estimated to be of Permian age. The well log indicates that the valley fill
consistes of alternating layers of materials which are predominately sandy or
clayey throughout the 1,000-ft depth. Data obtained from the log indicate
that the water table was encountered at a depth of about 270 ft.

6l1. A series of geophysical tests were performed to obtain information
which could be used in the dynamic response analysis discussed later in this
report. Seismic refraction tests were performed to measure the compression
wave velocities of the soils at the site and to locate and determine the
depths of layers with increasing velocities. A profile of compression wave
velocities as determined by the refraction lines is shown on Figure 26.
Crosshole tests (locations shown on Figure 24) were performed for the purpose
of obtaining the low strain amplitude shear wave velocities of subsurface
materials. Low strain amplitude shear moduli which are required for the
dynamic analysis can be determined from the shear wave velocity measurments.

The compression and shear wave velocities measured in the crosshole tests are

presented in Figure 27.
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62. Shear wave velocities and site stratigraphy are the two most
important input parameters for obtaining meaningful site dynamic response
results. The crosshole geophysical tests provide the best measure of the
shear wave velocities of the materials at the site and were used to develop
input velocities for the analysis response profiles. The shear wave
velocities shown in Figure 27 were used to estimate average and upper bound

Komax Values for 10-ft intervals by means of the following formula:

(Vg2 x 7)
= (6)
(1,000 x g X (am')1/2)

Komax

where
shear wave velocity, fps

32.2 ft/sec2

<
]
] ]

mean normal stress, psf

¥ = unit weight, pcf

The shear wave velocities are translated to corresponding Kogax Values for
input to the dynamic analyses. The Kypax values are proportionality constants
which relate soil stiffness (in terms of shear modulus or S-wave velocity) to
the square root of the mean normal effective pressure. Knowledge of the Kopax
values for the various strata assists with the eite interpretation and
assignment of input geometry and material stiffnesses for the dynamic response
analyses.

63. The average and upper-bound Kpmax values for 10-ft intervals are
plotted in Figure 28. This plot indicates that the soil profile is relatively
homogeneous with respect to low strain stiffness, even though the geology
indicates a much more complex stratigraphy. The average Ky,.x layers and
seven columns of upper-bound Kpn., layers were investigated to identify the
potential variability of dynamic response with depth at the site and to
identify the appropriate elevation for the base rock in SHAKE computations.

These columns are shown in Figures 29 and 30.
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64. Nine hard site accelerograms were used in this study to develop
ground surface accelerograms from the 1-D dynamic response analyses. A list
of these accelerograms is shown on Table 11. The list gives an identification
letter which is used for this study, the name, magnitude, and date of the
earthquake event during which the accelerogram was recorded. Also shown in
the table are the location of the recording station and the horizontal
directional component. These accelerograms were mainly selected from large
magnitude earthquakes, M > 6, to stay in keeping with the findings of the SHA.
Plots of each of the acceleration histories (shown scaled to 0.15 g) and the
S-percent damped acceleration response spectra are shown in Figures 31

through 48.
-D D ic Re gisg

65. As mentioned previously, the 1-D dynamic analyses were performed
with SHAKE to develop ground surface accelerograms which could be used in
development of design response spectra and in design analysis of the GBFEL-TIE
structures. The soil profiles, developed from the data obtained during the
site investigations (Figures 29 and 30), were designed to study the

sensitivity of the dyanamic response results to:

a. Boundary effects, in which the effect of the dynamic response to
a varying the soil height was studied.

b. Stratigraphic changes, in which the sensitivity of the dynamic
responses to variations in material types and stiffnesses present
in the subsurface at the site were studied.

66. The essential output sought from SHAKE included the variation of
peak acceleration with depth, the fundamental site period, and the ground

surface accelerograms and response spectra.
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67. The basic strategy employed for performing the SHAKE analysis was
discussed earlier and illustrated in Figure 22. However, a variation to this
procedure was ultimately adopted in developing the ground surface
accelerograms. Truncated soil profiles, 200-ft deep, were ultimately adopted
for evaluating the dynamic responses of the soil columns to the various rock
outcrop accelerograms selected for input. The truncated soil profiles offer
the advantage of studying the responses in the upper 200 ft, the zone of
engineering interest, in greater detail since the computer program limited in
the number of layers for which it can provide output.

68. The truncated profiles were applicable for use in the analysis
after finding that under the conditions of this study the dynamic response was
relatively insensitive to the height of the soil profile if all other
variables were held unchanged. In the sensitivity study, the dynamic
responses of soil columns having heights of 1,000, 500, and 200 ft were
compared for both the upper bound and average stiffness profiles. The
profiles are presented on Figures 29 and 30 under the headings of boundary
effects for the upper bound and average stiffnesses. For each case, the
profiles were excited using the accelerogram for Record A, shown in Figure 31.
Record A was selected as the input accelerogram for studying the sensitivity
of the results to the height of the soil column because its S5-percent damped
acceleration spectrum in Figure 32 indicates that it is relatively rich in
frequencies having periods between 0.0 and 1.0 sec.

69. The dynamic responses for the Upper Bound Profiles are discussed in
this paragraph. The upper bound profiles used in the sensitivity analysis
were designated as PA-1000, PA-500, and PA-200 for heights of 1,000, 500, and
200 ft, respectively. For the upper bound profiles all materials were treated
as clays having a plasiticity index of 30 peréent. Thus, the modulus
reduction curve for materials having a PI of 30 percent from Figure 23 was
assigned to the clay layers in each profile. The strain dependent damping
curve assigned to each layer is also shown in Figure 23. The 200- and S500-ft
profiles were derived by truncating the 1,000-ft profile (P1~1000). Thus, the
properties of all profiles are identical over comparable depth ranges with the

only difference being the height of the profile. The base layer of each
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profile was treated as an elastic material having the velocities indicated in
Figure 29. The velocities at the bases of the 200-and 500-ft profiles were
determined by estimating the effective mean normal pressure at the base, and
substituting a Kypax value of 115 into Equation 5. The profiles were excited
by applying Record A as an outcrop of the base layer. SHAKE was used to
compute the dynamic response of each profile to Record A. Record A was scaled
so that the resulting peak acceleration obtained at ground surface was 0.15 g.
The results of each dynamic response calculation are compared in the form of
peak acceleration versus depth profiles and the pseudovelocity response
spectra obtained for the ground surface. Figure 49 shows that the peak
acceleration profiles for each of the profiles are very similar and that the
differences are small especially in the upper 150 ft. The response of each
profile shows that the peak acceleration decreases as a function of depth.
Figure 50 is a plot which compares the response spectra (5-percent) damping)
for the three profiles. As with the case of the peak acceleration, the plot
shows that the response spectra obtained from each of the three profiles are
very similar. The greatest differences occur at periods which are greater than
1.0 sec where the 500-ft profile gives the lowest spectral velocities and the
200-ft profile gives the highest velocities. However, the differences are of
no significance for this study, and the results show that the response in the
upper sections of the profile are fairly insensitive to varying the soil
profile height.

70. The dynamic responses for the average stiffness profiles were
determined in like manner to those for the upper bound. The average stiffness
profiles used in the sensitivity analysis were designated as P1-1000, P1-500,
and P1-200 representing profiles with of 1000-, 500-, and 200-ft depths,
respectively. For the average stiffness profiles Figure 30 shows that the
upper 200 ft of material includes layers of clays and sands. The clays were
assigned the modulus reduction curve corresponding to a PI of 30-percent in
Figure 23 and the sands were assigned a modulus reduction curve corresponding
to a material having a PI of O-percent. As before, the peak accelerations and
ground surface response spectra are compared to determine the sensitivity of
the dynamic responses to the varying soil height. Plots of peak accelerations
versus depths for each profile are compared on Figure 51. As for the upper
bound profiles, the results of each are in very close agreement in the upper

200 f¢t. Even though the results for each profile are somewhat divergent at
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depths between 75 and 200 ft, the peak accelerations for each of the three
profiles are still within 0.03 g of each other at a depth of 200 ft. Pigure
52 shows that the ground surface response spectra for each of the three
profiles are in close agreement with no differences of major significance.

71. This analysis indicates that the dynamic responses for both the
upper bound and average stiffness profiles are relatively ingensitive to
variations in the depth if the depth is between 200 and 1,000 ft if the
processing scheme described (in the preceding paragraph) was employed. Due to
the insensitivity of the response in the area of engineering interest to
varying soil height, the ground surface accelerograms and response spectra
were developed using soil profiles which were 200-ft deep. However, since the
fundamental period of the site depends on the dimensions of the soil profile,
it was estimated as using 1,000~ft soil profiles PA-1000 for the upper bound
case and P1-1000 for the average case. The estimate of the fundamental period
is discussed in the following paragraphs of this part.

72. It is also worth mentioning that the dynamic shear strains for the
upper bound and average responses remained below 0.015 percent for each layer.
This indicates that the soil response for both upper and lower bound stiffness
profiles remains essentially in the elastic region for this level of

excitation (Pigure 23).
ent Period

73. The estimated range of site periods were determined from the
1,000-ft upper bound and average stiffness level soil profiles, PA-1000 and
P1-1000. The preearthquake and effective periods for each profile were
determined by using SHAKE and the excitations of Record A. The results are
listed in Table 12. The low strain (preearthquake) period was estimated by
scaling the outcrop accelerogram to 0.0001 g to ensure that there was
virtually no degradation of modulus and the response remained totally elastic.
The effective period is that computed for the moduli effective during the
level of shaking induced in the profile by the design earthquake. Thus, the
difference between the preearthquake and effective periods of a soil profile
are a measure of the level of strain softening (nonlinear effect) which the
soil layers in the profile might be expected to experience during the design
earthquake. The preearthquake and effective periods for profile P1-1000
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(upper bound stiffness profile) are 1.69 and 1.76 sec, respectively. The
preearthquake and effective periods for profile PA-1000 (average stiffness
profile) are 1.53 and 1.60 sec, respectively. Each profile shows that the
site period lengthens slightly due to the levels of shaking caused by the
design earthquake. This indicates that modulus reductions in each of the soil
profiles is relatively minor and that for the shaking levels of the design
earthquake (apay at the ground surface) the response of the soil profiles is
in the essentially elastic range. Thus, if the average and upper bound
stiffnesses profiles are representative of the site conditions, the effective

site period can be expected to be between 1.60 and 1.76 sec.

Sensitivity of the Dynamic Response to Variations in
Site Stratigraphy

74. The effects of variations in the site stratigraphy on the dynamic
responses of profiles with upper bound and average stiffnesses were evaluated.
The stratigraphic variations were modeled with SHAKE with several profiles
which characterize realistic variations in material type (sand or clay) and
stiffness (slight variations from the upper bound and average stiffnesses)
which were revealed from data gathered in the field investigations. All
profiles studied in the analysis of stratigraphic effects had heights
of 200 ft.

75. The upper bound stiffness profiles used for evaluating the
sensitivity of the dynamic response at the site to the stratigraphic
variations were Profile PA through PF shown on Figure 29. 1In each profile the
material assigned to any layer was a sand (designated as S) or a clay
(designated as C). Materials designated as sands were assigned the modulus
reduction curve for PI = 0 in Figure 23 and clays were assigned the reduction
curve for PI = 30. The strain dependent damping curve on Figure 23 was used
for both sands and clays. In each case, the base layer was assumed to be
elastic and was assigned a shear wave velocity of 1,900 fps. The dynamic
response of each system was evaluated by inputting Record A (Figure 31) at the
outcrop of the base layer.

76. The sensitivity of the dynamic responses to stratigraphy was
evaluated comparing the relationships between peak acceleration and depth and

the ground surface response spectra for Profiles PA through PE. Plots of peak
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acceleration versus depth for the six upper bound stiffness profiles, Profiles
PA through PE, are presented in Figure 53 through 57, respectively. Each of
these plots shows that the peak acceleration decreases with increasing depth.
Figure 58 is a compilation plot of the peak accelerations for Profiles PA
through PE. The peak accelerations for all profiles plot within a very narrow
range which indicates that the response of each system is insensitive to
variations in the stratigraphy. Further evidence of this insensitivity is
given by the comparison of the response spectra (pseudovelocity) of the ground
surface motions from each of the profiles shown on Figure 59. This figure
shows that the spectral velocities of each profile fall within a very narrow
range for all periods.

77. Similar analyses were performed on the average stiffness profiles
to evaluate the sensitivity of the dynamic response to variations in
stratigraphy. Profiles Pl through P5 in Figure 30 were used to make this
evaluation. Each of these profiles was 200 ft high and was excited by Record
A as discussed previously. Plots of peak acceleration versus depth for
Profiles Pl through P6 are presented in Figures 60 through 64, respectively.
Each plot shows that the peak acceleration decreases with increasing depth.
Figure 65 is a compilation of the peak accelerations for the six average
stiffness profiles. This plot shows that the peak accelerations from each
profile are similar and fall within a narrow range which serves as an
indication that the responses are insensitive to stratigraphy variations. The
ground surface response spectra for the six profiles are shown on Figure 66.
The spectral velocities for all profiles are very similar and fall within a
narrow band for nearly all periods. The only exception is that the spectral
velocities of Profile Pl for periods greater than 1.5 sec are greater than
those for Profiles P2 through P5. However, for practical purposes, the
response spectra also indicate that the dynamic responses are relatively
insensitive to variations in material types.

78. Since the preceding analysis indicates that the dynamic responses
for both the upper and average stiffness profiles are insensitive to
stratigraphic variations, it is necessary to only select a single
representative profile from each set. Hence, for remaining dynamic analysis
Profile A (200 ft) was considered as representative of the upper bound
stiffness profiles and Profile Pl was considered as representative of the

average stiffness profiles. In the sensitivity analysis, it was noticed that
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the strain levels in all profiles (for both upper and average stiffnesses) the

dynamic shear strains were less than 0.015 percent. Figure 23 shows there is
only a slight reduction in shear modulus at these low strain levels. This
figure also shows that at these strain levels there is only a slight
difference in the reduction factors between materials with plasiticity indices

of O and 30 percent, which is how sands and clays were characterized in the

dynamic analysis.

oW ound St ess

ile Selected rd Si ele ramg

79. The responses of Profiles PA-200 and P1-200, the representative upper
bound and average stiffnesse profiles, to Records A through I were performed
using SHAKE to develop the site specific ground surface accelerograms and
response spectra to be used in design. The responses of each profile to these
accelerograms were evaluated on the basis of peak acceleration versus depth
and the characteristics of the spectral velocities of the ground surface
motions. Profiles PA-200 and P1-200 were modified slightly to include more
layers to provide a more detailed solution in the upper 200 ft of the valley
fills which is the area of engineering signficance for this study. The
modified profiles are presented on Figure 67. Each of the hard site
accelerograms was input at the base outcrop location. As before, the base was
treated as an elastic material which had the shear wave velocities indicated
on Figure 67.

80. Plots of peak acceleration versus depth obtained from the responses
of the upperbound stiffness profile, Pl, to Records A through I are shown in
Figure 68 through 76. Each of these plots shows a general trend for the peak
accelerations to decrease with depth over the 200-ft depth range studied.
Figures 77 through 85 show plots of the target ground surface accelerograms
resulting from the SHAKE analysis. Response spectra were computed for each at
damping levels of 1, 2, 5, 7, 10 and 20 percent. These results will be
discussed in the following paragraphs.

8l1. Similarily, peak accelerations, ground surface acceleration
histories, and response spectra were obtained from the average stiffness
profile, PA, to Record A through I. Figures 86 through 94 show plots of peak

acceleration versus depth resulting from the response of Profile A for Record
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A through I. As for the upperbound stiffness results discussed previously,
the peak accelerations decrease with depth. Computed ground surface
accelerograms resulting from the responses of Profile PA to Records A through
I are presented in Figures 95 through 103. Response spectra which were
computed from these ground surface motions will be discussed in the following
paragraphs.

82. Response spectra from the ground surface motions of Profiles PR and
Pl for Records A through I are compared in Figures 104 through 112,
respectively. The response spectra shown in these figures are in terms of
pseudospectral velocities for the S-percent damping level. For each input
accelerogram, the response spectra of the ground surface motions for Pl and PA
are in very close agreement. This indicates that for a given input
accelerogram the resulting ground surface motions for PA and Pl are very
similar in freguency content. Thus, for practical purposes the set of ground
surface accelerograms for Profiles PA and Pl are equivalent and do not
significantly differ from one another. Thus, for the duration of this study
the set of ground surface motions from Profile PA will be considered
representative for the Orogrande site and the recommendations of the developed
site specific accelerograms will be made from this set. Also, the design
response spectra which will be discussed in Part V of this report will be

developed from the set of accelerograms from Profile PA.

Accelerogramg Recorded During
Earthquakes at Firm Soil Sites

83. Existing accelerograms recorded on firm soil sites were the second
source of ground surface acceleration histories for this study. Six
accelerograms were selected as potential candidates for use in design and in
the development of design response spectra. These records will be referred to
as Records 1 through 6 in this report. The accelerograms were selected from
earthquakes in the Western United States having magnitudes of 5.8 or greater.
Table 13 is a liet containing information as to the reference record number
used in this study, the earthquake event name, date, and magnitude, the
recording station location and component, and the peak acceleration recorded

at the site. Figures 113 through 124 show the acceleration histories and
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S-percent damped response spectra for each of Records 1 through 6,
respectively. Each of these accelerograms was scaled to the peak acceleration

value of 0.15 g specified for design of the GBFEL-TIE facilities.

Recommendations for Design Accelerograms

84. A list summarizing some of the characteristics of the 15 design
accelerograms studied for the GBFEL-TIE Project is presented in Table 14. For
each ground surface accelerogram the table includes information on the source
of the accelerogram (1-D or soft site record), the report figure where it is
displayed, the peak acceleration, and the peak velocity (centimetres/second).
From this list, two accelerograms were selected for use as input into a design
finite element soil-structure interaction analysis of the project facilities.
The two recommended accelerograms are the ground surface accelerogram derived
from Record A (Figure 77) as part of the 1-D analysis and Record 1
(Figure 119) from the set of firm soil site accelerograms. These records
were selected based upon there frequency content and the degree to which their
peak ground motion parameters matched those specified by Krinitzsky and Dunbar
(1988). specifically, the frequency contents of each record was evaluated by
examination of its response spectrum to ensure that a wide band of frequencies
was present without holes or gaps. The peak velocity of each record was
checked to ensure that it was within reasonable range of the 10 cm/sec value
specified for this study. Though only 2 accelerograms were recommended for
the design analysis, the entire set fifteen accelerograms was used to develop

the design response spectra discussed in Part V.
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PART V: DEVELOPMENT OF DESIGN RESPONSE SPECTRA

85. Design response spectra were developed from a statistical analysis
of the response spectra of the ground motions of the 15 ground surface
accelerograms used in this study and discussed in Part IV. The response
spectra (in terms of pseudovelocity) were computed at damping levels of 1,
2, 5, 7, 10, and 20 percent for each accelerogram. The periods of interest
ranged from 0.05 to 5.0 sec. The objective of the analysis was to the mean
and upper and lower bound envelopes for each period based on the spectra for
each of the 15 accelerograms for each of the 6 damping levels.
Conservatively, smoothed upper bound envelopes were recommended for use in
degign.

86. Figures 125 through 133 are plots showing the spectral velocities
for the 1-, 2-, 5-, 7-, 10- and 20-percent damping levels of the ground
surface accelerograms of Records A through I. These spectra were developed
from the 1-D dynamic response analysis discussed in Part IV. Figures 134
through 139 are response spectra for the same damping levels which were

computed from the six firm soil site accelerograms from Records 1 through 6.

Statistical Analysis
of Spectral Velocities

87. A statistical analysis was performed to estimate the range in
spectral velocities which might be expected at the Orogrande site in the event
of the design earthquake. This range estimate was performed for damping
levels of 1, 2, 5, 7, 10 and 20 percent. The? range level was determined by
sorting the spectral velocities presented on Figures 125 through 139 according
to damping level. This sorting of the spectral data resulted in the plots of
Figures 140 through 145 which shows the spectral velocities of each of the 15
accelerograms for damping levels of 1, 2, 5, 7, 10, and 20 percent,
respectively. Examination of these plots shows that the range of spectral
velocities widens as the period increases which reflects the variation in
frequency content present in the fifteen accelerograms studied.

88. The data on Figures 140 through 145 were analyzed further to
develop average and upper— and lower-bound estimates of the design response

spectra for the design earthquake at the Orogrande site. The resulting
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average and upper- and lower-bound spectal velocities for damping levels of

1, 2, 5, 7, 10, and 20-percent are shown on Figures 146 through 151,

respectively.

Recommended
Design Response Spectra

89. Smoothed response spectra were developed from the upper bound
spectral envelopes in Figures 146 through 151. These site specific smoothed
response spectra, recommended for design, are presented in Figures 152 through
157 for damping levels of 1, 2, 5, 7, 10 and 20 percent, respectively. The
recommended S5-percent damped spectra are compared with response spectra
predicted by procedures developed by: (a) Newmark and Hall, and (b) Seed on
Figure 158. These procedures are described in Army TM 5-890-10-1
(Headquarters, Departments of the Army, Navy, and Air Force 1986). The plot
shows that the recommended site specific spectra agree with the Newmark-Hall
and Seed spectra.

90. Additionally, the 5-percent damped spectrum recommended for design
(Figure 154) was compared with the UHS (Figure 21) in the plot on Figure 159.
The comparison shows that the probability of the design response spectrum
being exceeded in a 25-year period are between 0.10 and 0.30 percent for all
periods of interest. This result was considered to be consistent with the SHA
estimate that the probability of exceeding the design peak acceleration of
0.15 g is on the order of less than 1 percent based on the analysis of
Part II. The comparison was only made for the 5-percent damping level since
the Joyner and Boore (1981, 1987) correlations are for the spectral velocities

were only developed for this level.
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PART VI: SUMMARY AND CONCLUSIONS

91. A site specific seismic evaluation has been performed in support of
the geismic design for the GBFEL-TIE Project at the White Sands Missile Range,
New Mexico. The GBFEL-TIE facilitiee will be constructed at the Orogrande
site in the southeastern section of WSMR. The project is to be designed for
the motions expected during the OBE. A peak acceleration of 0.15 g which was
specified for the OBE by Krinitzsky and Dunbar (1988) in their seismological
investigation of WSMR. The motions were specified for a soil site. The
expected economic life of the GBFEL-TIE Project is 25 years. The principal
objectives undertaken in the seismic evaluation of this study included:

a. Evaluation the probability of exceeding the design peak
acceleration of 0.15 g during the 25 year life of the project.

b. Development of a set of site specific acclerograms which could be
considered representative of those which might be expected in the
event of the OBE. These accelerograms were developed for
subsequent use in the seismic analysis of the facilities.

c. Development of response spectra which could also be used in the
design of the project facilities.

92. An SHA was performed to evaluate the probability of exceeding a
peak acceleration of 0.15 g at the Orogrande site. Seismic sources and their
recurrence intervals were determined from a study of historical, instrument
recorded, and geologic data. The analysis showed that the probabilties of
exceeding the design peak acceleration was less than 1 percent over the
25-year project life. The SHA also indicated that faults near WSMR (in the
Tularosa Basin) had a significant potential for generating an earthquake which
could cause the design peak acceleration to be exceeded. The SHA also
indicated that probability of exceeding the design peak acceleration of 0.15 g
comes mainly from a large magnitude earthquake in the magnitude range between
6.5 and 7.5. The results of the SHA are dependent upon the seismological data
available for New Mexico which has several shortcomings. Some of these
shortcomings include the short period of historical seismicity in New Mexico
(1849-1977 for this study), the problems associated with the uncertainty of

dating fault movements from geologic investigations. Nonetheless, the data at
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hand suggests that though New Mexico is seismically active, it's seismicity

is relatively low compared to other parts of the United States.
93. The information from the SHA was used as an aid to the development

of a set of accelerograms which would ultimately be recommended for design.

The accelerograms were developed from two sources:

a. From a 1-D dynamic response analysis in which motions recorded at
hard sites were propagated through the valley fills of the WSMR to
determine the acceleration history at the ground surface (peak
acceleration of 0.15 g).

b. Accelerograms recorded on deep alluvial (firm) soil sites similar
to the valley fills at WSMR.

Two accelerograms were recommended for use in subsequent design and soil
structure interaction analysis are indicated in Table 14.

94. Fifteen accelerograms were used in the development of the design
response spectra for the Orogrande site. Design response spectra (in terms of
pseudospectral velocities) were developed for levels of 1-, 2-, 5-, 7-, 10-,
and 20-percent damping. Conservatively, the response spectra recommended for
design for each damping level envelope the response spectra of the
15 accelerograms at each damping level. These recommended spectra for each

damping level are presented in Figures 152 through 157.
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Table 2
Source-Site (Io - Ig) MM Intensity*

(subsurface)

Fault Distance From
No. Zone Site km M Io Ig
1 Franklin Mt. 55 7.5 XI X
2 Organ Mt. 25 7.5 XI XI
(Cox Ranch)
San Andres 20 7.5 XI X1
(Southern)
San Andres 42 7.5 XI X
(Central)
San Andres 82 7.5 XI IX
(Northern)
Alamorgordo 33 7.5 X1 X
Intrabasin 15 7.5 XI XI
(surface)
Tularosa Basin** o} 7.5 XI XI

*

%* %

Krinitzsky and Dunbar (1988)

Jarilla Fault Zone




TABLE 3

Mean Peak Ground Motion Parameters for
the Orogrande Site at WSMR, NM*

Duration (sec) 52.0
Magnitude

25-yr

MCE OBE Event

Acceleration (cm/secz) 1000.0 150.0 100.0
Velocity (cm/sec) 125.0 9.0 10.0
6.0 4.0

7.5 5.0 4.5

* Krinitzsky and Dunbar (1988)

Table 4

Statistical Analysis to Determine the Recurrence
of Source From the Microseismicity
Data Base of Sanford (1962-1977)

Standard
Deviation
Zone a b of b r
Whole state 4.144 0.988 0.046 -0.996
Whole state 4,150 0.970 0.020 -0.996
(Sanford, Olsen
and Jaksha(1981))
Socorro area 3.945 1.212 0.024 -0.998
Background 3.900 0.923 0.0434 -0.996




Table 5

u ecurrence ones
Determined from the Microseismicity of
ew Mexico ut _to Seismic Hazard Analysis
Standard
Deviation
Zone a b of b Mmax
Whole state 2.940 0.988 0.046 7.5
Socorro area 2.741 1.212 0.024 7.5
Background 2.696 0.923 0.043 7.5
Background 1.2313 0.923 0.043 7.5
per 10,000 km2
Table 6

Annual Recurrences for Seismic Hazard Analysis

Zone a b Mpax
Each of the nine 5.5 x 102 0.001 7.5
faults near WSMR
Socorro 2.741 -1.212 7.5
Background 2.696 -0.923 7.5




Table 7
Recurrence Parameters

Used for Case 2 Seismic Source Zones based on
e

Published Source Zones (Aldgermissen et al. (1982))
Number
Exceeding
Algermissen MMI V e
Zone Zone per year* a by bm Mmax
1 001 0.227 4.602 0.73 1.22 7.3
2 003 0.088 4.190 0.73 1.22 6.1
3 004 0.227 3.226 0.54 0.90 7.3
4 007 0.419 4.868 0.73 1.22 7.3
5 008 0.211 4.570 0.73 1.22 6.1
6 006 0.135 4.376 0.73 1.22 7.3
7 016 0.146 4.410 0.73 1.22 6.1
8 041 0.244 4.633 0.73 1.22 7.3
S 042 0.018 3.501 0.73 1.22 6.1
10 043 0.046 3.909 0.73 l1.22 7.3
11 077 0.0347 1.851 0.46 0.77 7.3
12 002 0.036 3.802 0.73 1.22 7.3
13 005 0.0910 4.205 0.73 1.22 7.3
* For this study MMI V was taken to be M = 4.3
** Computed assuming M = 4.3 using: log(N) = a - by x M




Table 8

ibution Of Selected Magnitude ervals

To The Overall Probability Of Exceeding amay = 0.159

p(apax > 0.159)

Magnitude % of

Interval n = 1 year n = 25 years Total

6.5 <M< 7.5 7.34 x 10> 1.83 x 1073 49

5.5 < M < 6.5 8.30 x 10”6 2.08 x 1074 6

4.5 < M < 5.5 3.89 x 1073 9.72 x 1074 26
M< 4.5 2.84 x 1073 7.10 x 104 19

Total ( M < 7.5) 1.49 x 1074 3.71 x 1073 100

Table 9

Probabilities of Exceeding 0.15 g
in 25 Years for Cases 1 and 2

p(a > 0.15 g | n years)

Case n = 25 years n = 1 year
Case 1 0.37 x 1074 0.149 x 1073
Case 2 0.19 x 1074 0.774 x 10™4
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Table 12

Fundamental Site Periods

Fundamental Period, sec .

Low Effective
__Profile Strain Amplitude Strain Amplitude
Pl l1.69 1.76
(Average)
PA 1.53 1.60

(Upper bound)
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Table 14

Summary of Ground Surface Acceleration Histories

Used i is Stud

Source Amax Peak Vel

Record —of Record . _Figqure S - _cm/sec
a* 1-D Analysis 95 0.15 13.6
B 1-D Analysis 96 0.15 4.8
c 1-D Analysis 97 0.15 9.4
D 1-D Analysis 98 0.15 10.4
E 1-D Analysis 99 0.15 8.1
F 1-D Analysis 100 0.15 8.2
G 1-D Analysis 101 0.15 5.2
H 1-D Analysis 102 0.15 5.6
1 1-D Analysis 103 0.15 15.6
1 Firm Soil Site 113 0.15 6.6
2 Firm Soil Site 115 0.15 18.2
3 Firm Soil Site 117 0.15 9.7
s* Firm Soil Site 119 0.15 8.1
5 Firm Soil Site 121 0.15 5.0
6 Firm Soil Site 123 0.15 19.1

%* . .
Accelerograms recommended for use in design



1 1
5 ‘} !\mu
[.\. LY S Sl A NEW
~ } 1% |Loshiosy | BOunDaRy ey
Y ! \ J s ~ | WHITE SANDS
) ) sé_co\mo 35 ,':',‘ MISSILE RANGE
34°00"_ (J @AGD ; oY N |
\ .*. W F 3
Y oo 7
SAN‘-, 3 Le‘ Q ;"W %.,., .‘“ ,;"‘_‘::\\
MATEQ o JOSCURAI = 3% "¢
3 ' ~ wole
MTNS) i Q? i i"'%j ) ".,." s S “a,
t‘ Q 3 } ) t n‘"'h,'" & 3‘“-"#
Y ° o J%, .- ’ Q ‘f m z ""n V0reesensy ‘§
i < A Y L
o, & ' i | LA il
R o : %" ’= QO et "'m‘
rm iCR‘STOBAL“, u«w"’%- 53 "t n \:“um‘h. g
TV MINS. / > i,
I Q "SCANYON o | N
CABALLOQ : | P < 3. m
V. iy} o z .,
o 1i 9 of A %
3300" 2 Wi @i y o) $ _
1 S <4 3
i oz} - & i
i3y < JUKE D [aLmocoroo = ¢
Vi WCERo ~ 1 il i
L ! 2}
L1312 L 3 nwi
1\ ’S‘ ‘4 .
ahe, 3 £
o % ‘i ;! b ‘5% 3
SIERRA } H — %,
DELAS UVAS “'Lu/: = @W-LQ 3
® SORGAN
uschuess . Mins.  OROGRANDE SITE
32’00’ e e ] NEW MEXICO __ _ . _
FRANKLIN MTNS. TEXAS
. 3 1 30
e o —— e e —— e e ».5@ EL P, MLES
MEXICO 2 4$0 ot nd® 2080 289 ku
1
107°30’ 107°00’ 1oe‘oo' 105°00’
Figure 1.

Location of WSMR, Orogrande site, and principal
mountain ranges




A

G

mk\ 3
‘~' BOUNDARY ¢
! WHITE ¢

SANDS

4
[ 4
i MISSILE 7€

LEGEND

(1-1( FAULT (LESS THAN 1,000,000 YEARS); HACHURE
DOWNTHROWN INCLUDES HOLOCENE MOVEMENT

eeessssep”’ FAULT, CONCEALED, AGE UNKNOWN; BALL DOWNTHROWN

41 FAULT CUTS LATE PLIOCENE OR EARLY PLEISTOCENE
_e” " (1-4 MILLION YEARS); BALL DOWNTHROWN

Figure 2.

Faults near WSMR

108°30’




Figure 3. Distribution of earthquakes of intensity MM IV and greater
between 1849 and 1980
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PROBABILITY OF A EXCEEDING AMAX IN 1 YEAR

00001

0.0001

0.00001

0.000001

0.0000001

0.

GBFEL-TIE PROJECT
Case 1 Source Zones

E | B [ N B S B SN M e A SN s S R S e S s gumn ma R YV
C
l 3
! GSog0 Case 1 Source Zones 3100
2
C ] i
; 3 2
<1000 Z
}
E 1g
- Z o
E 5 ©
'E- -%wooo g
| (73
"
E j
-y
| E
lg- = 100000
t
I g
L .
o 2
‘ 3
= 1000000
i
]
3]
po
T T T T T T T T T r'l'_T"‘T"'l_'!“rq‘IOOOOOOO
00 0.10 0.20 0.30 0.40 0.50
PEAK ACCELERATION (g)
Figure 14. CASE 1 - Seismic hazard analysis results
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Joyner & Boore Attenuation for
Pseudo Spectral Velocity (1987)
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Joyner & Boore Attenuation for
Pseudo Spectral Velocity (1987)
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Figure 28. K2max values from crosshole S-wave tests
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Figure 49. Peak acceleration versus depth for the upper-bound stiffness
profiles with H = 200 ft, 500 ft, and 1,000 ft
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Figure 50. Response spectral comparisons for the upper-bound stiffness profiles
with H = 200 ft, 500 ft, and 1,000 ft
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Figure 51. Peak acceleration versus depth for the average
stiffness profiles with H = 200 ft, 500 ft, and 1,000 ft




GBFEL-TIE PROJECT
Ground Surface Response Spectro
for Profile P1

Sg DAMPING
1000E* T T T 1T T T T TTTTH ﬁ:
C ]
L -
r ]
9 1oo_L -
m - -
° - .
£ ¥ :
U a -
>
S 105‘ _E
0 C -
° - 3
> r -
5 - -
g 't 3
. 5
e - —— H = 1000 ft .
3 - — —H = 500 ft 1
5 01k  mo-- H = 200 ft _
Q E E
0.01 , T T A R RN 11 1 iyl )
0.01 0.1 1 10

Period, sec

Figure 52. Response spectral comparisons for the average stiffness
profiles with H = 200 ft, 500 ft, and 1,000 ft
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Figure 53. Upper bound sensitivity analysis to stratigraphy variation-
Peak accelerations versus depth for Profile A due to Record A
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Figure 54. Upper bound sensitivity analysis to stratigraphy variation-
Peak accelerations versus depth for Profile B due to Record A
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Figure 55. Upper bound sensitivity analysis to stratigraphy variation-
Peak accelerations versus depth for Profile C due to Record A
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Figure 56. Upper bound sensitivity analysis to stratigraphy variation-
Peak accelerations versus depth for Profile D due to Record A
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Figure 57. Upper bound sensitivity analysis to stratigraphy variation-
Peak accelerations versus depth for Profile E due to Record A




PEAK ACCELERATION (g)

OOOO 0.05 0.10 0.15 0.20
. : _
)
25—
50 —
757
T 100 - _
}_... \
Q.
() :
)
125 - -
150 - -
e PROFILE A
. oo PROFILE B
{ @eoes PROFILE C
175 - seges PROFILE D —
sooee PROFILE E

ZCJC)L 1 _xw>1 1 i
UPPER BOUND STIFFNESSES

PROFILES A THROUGH E
RECORD A

Figure 58. Sensitivity of dynamic response to stratigraphy
variations-Comparison of peak acceleration for upper bound
stiffness Profiles A through E
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Figure 59. Sensitivity of dynamic response to stratigraphy
variations-Comparison of response spectra for upper bound
stiffness Profiles PA through PE
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Figure 60. Upper bound sensitivity analysis to stratigraphy variation
Peak accelerations versus depth for Profile I due to Record A
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Figure 61. Sensitivity analysis to stratigraphy variation (average
stiffnesses) - Peak accelerations versus depth for Profile 2 due to
Record A
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Figure 62. Sensitivity analysis to stratigraphy variation (average
stiffnesses) ~ Peak accelerations versus depth for Profile 3 due to
Record A
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Figure 63. Sensitivity analysis to stratigraphy variation (average
stiffnesses) - Peak accelerations versus depth for Profile 4 due to
Record A
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Figure 64. Upper bound sensitivity analysis to stratigraphy
variation (average stiffnesses) - Peak accelerations versus
depth for Profile 5 due to Record A
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Figure 65. Sensitivity of dynamic response to stratigraphy
variation - Comparison of response spectra for upper bound
stiffness Profiles 1 through 5
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Figure 68. Acceleration versus depth for Profile Pl
excited by Record A
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Figure 69. Acceleration versus depth for Profile Pl
excited by Record B
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Figure 70. Acceleration versus depth for Profile Pl
excited by Record C
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Figure 71. Acceleration versus depth for Profile Pl
excited by Record D
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Acceleration versus depth for Profile Pl
excited by Record E
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Figure 73. Acceleration versus depth for Profile Pl
excited by Record F
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Figure 74. Acceleration versus depth for Profile Pl
excited by Record G
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Figure 75. Acceleration versus depth for Profile Pl
excited by Record H
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Figure 86. Peak acceleration versus depth for Profile PA
excited by Record A
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Figure 87. Peak acceleration versus depth for Profile PA
excited by Record B
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Figure 88. Peak acceleration versus depth for Profile PA
excited by Record C
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Figure 89. Peak acceleration versus depth for Profile PA
excited by Record D
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Peak acceleration versus depth for Profile PA
excited by Record E
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Figure 91. Peak acceleration versus depth for Profile PA
excited by Record F
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Peak acceleration versus depth for Profile PA
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Figure 93. Peak acceleration versus depth for Profile FA
excited by Record H
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excited by Record I
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Figure 104. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record A
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Figure 105. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record B
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Figure 106. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record C
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Figure 107. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record D
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Figure 108. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record E
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Figure 109. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record F
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Figure 110. Comparison of ground surface velocity response
spectra for Profiles PA and Pl excited by Record G
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Figure 111. Comparison of ground suriace velocity response
spectra for Profiles PA and Pl excited by Record H




1 000 E T TTIITTn] LA N N U R N A T B I N R S
- n
] s
O -
((}) 100 - é
n o 3
P :
O - ..1
2 ]
2 - 3
2 - ]
© i -
| -
bt
O 1 -
(1] = =
0o - -
F A
(ID C ]
o F ]
© - ]
o
n 0.1 4
< F — PA E
Eoo— — P1 -
F R T N R N e S W R YN 1

o

o
.O__s
o

0.1 1 10
Period, sec

Figure 112. Couparison of grounu surface velocity response
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pseudo—spectral velocity, cm/sec

GBFEL-TIE PROJECT

Response Spectrum
Soft Soil Site Record 1
5% damping
1000; T T TTT T U TITOI T— 1T T T TTTI7 3
- :
100 4
10 = =
" -
- -
A 1 . .
s 3
- -
0.1 E -
- 3
B B
() C)1 AN N I A R Rl L1yl ooy
0.01 0.1 1 10

Figure 114.
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Response spectrum at 5-percent damping for Record 1
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pseudo—spectral velocity, cm/sec
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Response spectrum at 5-percent damping for Record 2
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pseudo—spectral velocity, cm/sec
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Figure 118.
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Response spectrum at 5-percent damping for Record 3
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pseudo—spectral velocity, cm/sec
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Figure 120.
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Response spectrum at 5-percent damping for Record 4
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pseudo—spectral velocity, cm/sec
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Response Spectrum
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Figure 122.
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Response spectrum at 5-percent damping for Record 5
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pseudo—spectral velocity, cm/sec
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Figure 124.
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Response spectrum at 5-percent damping for Record 6




PSEUDO-SPECTRAL VELOCITY, cm/sec

RESPONSE SPECTRA
FROM 1-D ANALYSIS OF PROFILE A
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Figure 125. Response spectra of ground surface acceleration
history of Profile A excited by Record A




PSEUDO—-SPECTRAL VELOCITY, cm/sec

RESPONSE SPECTRA
FROM 1-D ANALYSIS OF PROFILE A

RECORD B
1000 £ T T 177111 T T T TTTTT] r—T v rrrrg 1

r- —

100 & ?
B B
10 3

- 3

and -

. -

T T 1T
1 gl

I
1

01 & -
= 3
o DAMPING LEVELS OF 1, 2, 5, 7, 10, AND 20% .
0.01 Loy vyl L1 aaanl ool ]
0.01 0.1 1 10

PERIOD, sec

Figure 126. Response spectra of ground surface acceleration
history of Profile A excited by Record B
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Figure 127. Response spectra of ground surface acceleration
history of Profile A excited by Record C
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Figure 128. Response spectra of ground surface acceleration
history of Profile A excited by Record D
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Figure 129. Response spectra of ground surface acceleration

history of Profile A excited by Record E




PSEUDO—-SPECTRAL VELOCITY, cm/sec

RESPONSE SPECTRA
FROM 1-D ANALYSIS OF PROFILE A
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Figure 130. Response spectra of ground surface acceleration
history of Profile A excited by Record F
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Figure 131. Response spectra of ground surface acceleration
history of Profile A excited by Record G
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Figure 132. Response spectra of ground surface acceleration
history of Profile A excited by Record H




PSEUDO—SPECTRAL VELOCITY, cm/sec

RESPONSE SPECTRA
FROM 1-D ANALYSIS OF PROFILE A
RECORD |

1000 T T T T T7TT1] T T T T TTI  T T T 117171 T

L IR ARL

T

100

BB RAL]

-

b
o
T T T 11T

T T TTTT0

1

0.1

T T TTIT]

DAMPING LEVELS OF 1, 2, 5, 7, 10, AND 20%

0.01 oyl 1] 1 r gl Lot vl 1

pLaaawanl 1o vrnin

1

1 o aagnt

1 2 vl

poraand

1

0.01 0.1 1 0
PERIOD, sec

Figure 133. Response spectra of ground surface acceleration
history of Profile A excited by Record 1
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Figure 134.

Response spectra of firm soil site Record 1
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Figure 135. Response rpectra of firm soil site Record 2
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Figure 136. Response spectra of firm soil site Record #3
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Figure 137. Response spectra of firm soil site Record #&4
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Figure 138. Response spectra of firm soil site Record #5
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Figure 139. Response spectra of firm soil site Record #6
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Figure 140. Composite of response spectra for all ground surface
accelerograms used in this study at l-percent damping level
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Figure 141. Composite of response spectra for all ground surface
accelerograms used in this study at 2-percent damping level
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Figure 14z. Composite of response spectra for all ground surface
accelerograms used in this study at 5-percent damping level
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Figure 143. Composite of response spectra for all ground surface
accelerograms used in this study at 7-percent damping level
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Figure 144, Composite of response spectra for all ground surface
accelerograms used in this study at 10-percent damping level
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Figure 145. Composite of response spectra for all ground surface
accelerograms used in this study at 20-percent damping level
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Figure 146. Average and upper and lower bound envelopes of the
response spectra of all accelerograms used in this study at the
l-percent damping level
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Figure 147. AQerage and upper and lower bound enQelopeé of the
response spectra of all accelerograms used in this study at the
2-percent damping level
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Figure 148. Average and upper and lower bound en&elopes of the
response spectra cf all accelerograms used in this study at the
S5-percent damping level
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Figure 149. Average and upper and lower bound envelopes of the
response spectra of all accelerograms used in this study at the
7-percent damping level




PSEUDO—SPECTRAL VELOCITY, cm/sec

RESPONSE SPECTRA (MIN, AVG, MAX)

DAMPING LEVEL OF 10%
1000 T 7T TT7T7] T T TT777] T T TTTTT] T
~ .
: —
[~ a
- ~
- -
100 E
- 3
- -
- -
- =
10 3 =
C 3
- =
P —
-

N

1=
o
0.1 i
-
0.01 0 v agad o1 doraral poograend
0.01 0.1 1 10

PERIOD, sec

Figure 150. AQerage and upper and lower bound en?elopes of the
response spectra of all accelerograms used in this study at the
1l0-percent damping level
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Figure 151. Average and upper and lower bound envelopes of the
response spectra of all accelerograms used in this study at the
20-percent damping level
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Figure 152. Recommended response spectrum for l-percent damping
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Recommended response spectrum for 2-percent damping
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Figure 154. Recommended re.ponse spectrum for 5-percent damping
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Figure 156. Recommended response spectrum for lO-percent damping
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Figure 158. Comparison of recommended design spectrum with

spectra of Seed and Newmark-Hall procedures
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APPENDIX A

DATA BASE OF INSTRUMENTALLY RECORDED EARTHQUAKES IN NEW MEXICO
BETWEEN 1962 AND 1977

Al




The following table is list of instrumentally recorded earthquakes in
New Mexico during the period spanning the years 1962 through 1977. The
list is sorted by year. The list was compiled by Sanford, Olsen, and

Jaksha (1981).

Year Month Day

1962 12 15
1962 9 1
1962 6 25
1962 6 27
1962 6 14
1962 5 2
1962 4 9
1962 3 22
1962 1 24
1962 1 24
1962 1 3
1963 12 30
1963 12 19
1963 11 25
1963 8 19
1963 7 3
1963 6 2
1963 6 6
1963 S 27
1963 3 8
1963 3 6
1963 2 22
1963 2 22
1964 6 19
1964 3 3
1964 2 11
1965 12 22
1965 12 22
1965 12 29
1965 7 28
1965 7 28
1965 6 4
1965 S 27
1965 5 27
1965 S 27
1965 5 29
1965 4 10
1965 3 9
1965 2 3
1966 10 6
1966 10 6
1966 9 17
1966 9 24

Latitude

33.97
34.16
34.20
33.95
35.68
34.22
34.21
34.25
33.96
33.96
35.32
34.03
35.14
36.54
32.44
33.91
34.23
36.60
32.72
32.95
33.63
32.45
32.42
33.09
34.97
34.35
34.02
34.02
35.03
33.96
33.80
33.90
33.90
33.88
33.90
33.87
33.94
33.87
35.10
35.21
34.04
34.94
36.44

Longjtude

106.87
106.66
108.10
107.01
106.74
107.0S5
106.44
106.51
106.86
106.86
103.64
106.54
104.13
105.37
107.15
106.90
106.46
104.40
107.82
107.08
107.68
106.94
106.99
105.95
103.59
103.73
106.78
106.70
105.78
106.82
106.70
106.81
107.01
106.73
106.71
106.69
107.05
106.90
103.80
104.27
106.85
103.71
105.09

A3

Magnitude

1.87
2.97
1.56
1.63
1.87
1.56
1.76
1.74
1.50
1.84
2.60
1.66
2.88
2.41
2.11
1.92
1.96
2.74
l.61
1.56
1.68
1.51
2.47
1.71
2.22
2.49
1.91
2.15
2.65
2.26
2.59
1.73
1.82
2.01
2.03
2.03
2.00
2.54
2.92
2.30
2.35
2.23
2.44

No. of Stations

Recording Event
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Year Month Day

1966
1966
1966
1966
1966
1966
1966
1967
1967
1967
1968
1968
1968
1968
1968
1968
1968
1968
1968
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1970
1970
1970
1970
1970
1970
1970
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971

Ty
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12

12
12
12
12

-
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24
25
25

21
24
23
29
29
16
21
22
25
19
15
29

23

13
23
30

28

28

30
30
28

31
22
12
27
11

23

24

22
28
25
13
18
27

36.43
36.34
36.45
36.70
35.29
36.80
36.96
32.27
33.25
34.43
35.10
34.33
33.99
34.50
34.27
34.39
33.02
32.70
32.70
36.86
34.70
34.39
36.15
35.26
34.23
34.23
35.45
34.72
34.22
36.25
35.10
35.40
34.90
35.28
35.64
35.89
35.79
35.72
36.09
34.42
36.10
36.08
36.15
36.70
36.19
35.43
36.13
34.58
33.18
36.30
34.06

No. of Stations

Longitude Magnitude Recording Event

105.08
105.08
105.14
108.30
103.32
108.30
106.95
106.91
108.47
106.85
107.52
105.80
106.85
107.98
106.84
107.75
105.27
106.05
106.05
105.88
108.44
106.99
106.13
107.56
105.18
105.18
107.35
105.85
106.75
105.49
106.61
105.89
105.91
106.19
106.00
103.40
106.96
105.29
106.19
107.02
107.17
106.14
106.11
105.67
106.32
107.76
105.96
106.03
108.07
105.78
106.60

hd

2.71
2.75
2.76

2.28

4.29
2.04
2.10
1.64
1.69
2.06
1.84
2.26
2.32
2.47
2.58
2.24
2.91
2.27
2.66
1.73
2.85
1.55
1.97
2.39
2.43
2.30
3.42
2.49
3.18
1.97
1.60
2.06
1.53
3.26
l.68
1.92
2.03
2.04
2.14
2.31
2.90
l1.88
2.34
2.31
2.74
1.73
1.79
2.76
2.60

9
8
8
S
8
6
9
8
6
S
4
4
3
8
8
3
5
6
9
6
9
3
9
4
6
8
6
3
9
8
9
8
3
8
4
7
3
3
6
4
6
7
9
4
8
S
9
3
4
9
8

-




1971
1971
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
11974
1974
1974
1974
1974
1974
1974
1974

1
1
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6

4
18
24
11
26
16

20
15
28
31
28
20
27
20
27
24
24
14
16
10
22

27
22
17
22

26

28
22

21
28
15
15
18
15
15
11
29
26
29
26
30
11
31

Latitude

34.15
35.10
35.42
32.03
32.74
32.68
34.20
35.40
35.40
36.58
36.14
36.11
36.17
36.36
34.15
36.35
32.89
35.52
35.26
36.95
35.60
34.42
34.46
32.40
36.50
33.00
36.14
31.35
36.25
35.45
36.85
32.00
35.37
33.80
33.80
32.50
32.63
33.83
33.83
35.08
33.85
35.25
32.80
32.80
32.80
32.80
34.40
34.87
35.32
33.10

Longitude

106.79
106.60
107.16
108.34
107.92
103.98
106.88
107.46
107.36
108.53
106.15
106.04
106.06
104.87
106.81
104.94
106.04
106.10
107.74
107.00
108.25
106.85
106.95
107.30
108.60
108.10
106.19
108.50
108.17
103.50
108.25
107.40
107.37
105.10
106.60
106.30
104.01
106.58
106.58
106,82
106.55
107.08
108.70
108.65
106.20
108.65
105.80
107.06
107.78
104.20

A5

Magnitude

2.75
3.55
2.68
2.72
2.34
2.90
l1.68
2.16
2.70
1.74
2.26
2.37
2.67
1.50
1.64
2.21
2.24
1.80
3.44
2.10
1.83
2.40
2.50
1.66
2.31
2,33
2.45
2.86
1.83
1.96
2.13
1.64
2.10
1.60
2.00
2.70
3.80
1.80
1.80
1.80
2.00
2.10
2.30
2.20
3.00
3.20
2.30
2.40
2.00
2.30

No. of Stations

Recording Event
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Year Month Day

1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1975
1975
1975
1975
1975
1978
1975
1975
197s
1975
1975
1975
1975
1975
1978
197s
1975
1975
1975
197s
1975
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976

HEHEWWWWHNL:OO

22
4
8

12

28

28

23

i3

17

12
3

17

10

10

29
6

29

27

28

21

26

16

N

N
HWHMNMNOMYWWSE =Y

Latitude

35.08
35.55
34.20
34.50
35.22
35.22
36.50
34.50
36.15
35.20
32.83
35.38
33.30
36.73
36.00
36.18
36.00
34.19
34.20
36.08
36.95
36.92
36.97
36.48
34.50
34.55
34.55
34.5%5
34.55
36.18
35.10
36.72
36.57
34.68
32.20
33.30
36.08
36.13
36.13
34.46
36.30
35.62
32.00
32.00
34.25
32.00
36.28
32.30
32.40
32.40

Longitude

106.70
108.98
106.87
107.00
107.55
107.55
107.08
106.90
106.20
107.60
108.66
108.20
105.00
105.67
106.87
106.23
106.87
106.93
106.90
104.03
105.45
104.95
107.22
104.70
106.90
107.12
107.14
107.16
107.16
106.23
103.10
106.65
106.67
105.77
103.10
105.70
106.27
106.25
106.27
106.99
106.20
103.28
103.20
103.10
106.86
103.20
106.73
105.30
105.60
103.10

Ab

Magnitude

1.90
1.70
1.60
2.30
1.50
1.60
1.90
2.20
1.80
1.85
3.40
1.90
2.00
1.50
1.50
1.80
2.70
1.60
1.90
2.00
2.90
1.50
1.50
1.90
1.50
2.20
2.20
2.80
2.90
1.50
2.90
1.80
1.80
1.90
2.10
1.50
1.50
1.80
1.50
1.70
1.90
3.00
1.50
1.50
i.70
1.80
2.20
2.30
2.40
2.70

No. of Stations

Recording Event

10
10

[




Year Month Day

1976
1976
1976
1976
1976
1976
197é
1976
1976
1976
1976
1976
1976
1976
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977

HHHMUUUM#ObhmmmHHHHuuwbhbhﬁhb

1
30
1l
18
30
1
6
7
20
27
16
14
25
5
22
19
2
22
3
7
26
9
16
20
5
18
S
4
4

Latitude

33.90
32.00
33.80
33.90
32.00
33.90
33.90
35.68
32.20
32.20
35.57
34.10
32.00
35.84
35.62
34.01
34.02
32.20
36.10
32.20
32.00
35.80
36.97
32.20
35.92
32.20
34.05
34.03
32.36

Longitude

105.90
103.30
105.90
106.00
103.20
106.00
106.00
107.98
103.12
103.10
107.87
106.80
103.10
108.34
107.23
107.06
107.06
103.10
106.25
103.10
103.10
108.17
106.98
103.10
108.29
103.10
106.00
106.00
106.92

A7

Magnitude

1.50
1.50
1.60
1.60
1.60
2.10
2.70
1.70
1.70
2.00
1.80
2.20
3.20
4.10
1.50
1.90
1.50
1.70
1.90
2.30
2.50
1.70
1.70
2.10
3.70
1.50
1.70
2.40
2.70

No. of Stations

Recording Event
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